Adsorption，Reactions and Raman Spectra of Water Molecules and Hydrated Species on Noble Metal Cathodes：A Theoretical Study by 庞然
学校编码：10384                                  分类号     密级      










博  士  学  位  论  文 




Adsorption，Reactions and Raman Spectra of Water 
Molecules and Hydrated Species on Noble Metal Cathodes： 





指导教师姓名：吴 德 印 教 授 
专  业 名 称：物  理  化  学 
论文提交日期：2016   年 8 月 
论文答辩时间：2016   年 9 月 
学位授予日期：2016   年   月 
  
 
答辩委员会主席：            
评    阅    人：            
 















Adsorption，Reactions and Raman Spectra of Water 
Molecules and Hydrated Species on Noble Metal Cathodes： 
A Theoretical Study 
 









Prof. De-Yin Wu 
 
 
Department of Chemistry 








































摘要 ..................................................................................................... I 
Abstract ........................................................................................... III 
第一章 绪论 ...................................................................................... 1 






§1.2拉曼光谱和表面增强拉曼光谱 ............................................... 16 
§1.2.1拉曼光谱......................................................................................... 16 
§1.2.2表面增强拉曼光谱......................................................................... 18 
§1.3电化学界面水和水合物种的研究概况 ................................... 24 
§1.3.1 界面水的原位表征......................................................................... 24 
§1.3.2 贵金属阴极界面上的水合物种..................................................... 29 
§1.4 本论文的目的和设想 .............................................................. 31 
参考文献............................................................................................. 33 
第二章 理论方法 ............................................................................ 42 
§2.1 密度泛函理论 .......................................................................... 42 
§2.1.1 Hohenberg-Kohn定理..................................................................... 43 
§2.1.2 Kohn-Sham方程............................................................................... 44 
§2.1.3 交换关联泛函的近似...................................................................... 45 
§2.2 分子光谱理论 .......................................................................... 47 
§2.2.1 Fermi 黄金规则............................................................................... 47 
§2.2.2 Franck-Condon原理....................................................................... 49 
§2.3金属簇模型模拟电化学 SERS的理论方法 ............................. 51 
















第三章 阴离子效应与水分子拉曼强度的增强 ........................... 60 
§3.1 引言......................................................................................... 60 
§3.2 计算细节 ................................................................................ 61 
§3.3 自由水分子 .............................................................................. 63 
§3.4 带负电的水簇 .......................................................................... 65 
§3.5 水合卤素阴离子复合物 .......................................................... 69 
§3.6 水合金属阴离子复合物 .......................................................... 74 
§3.7 本章小结及展望 ...................................................................... 81 
参考文献............................................................................................. 83 
第四章 水合质子 ............................................................................ 89 
§4.1引言............................................................................................ 89 
§4.2 计算细节 .................................................................................. 90 
§4.3 水合氢离子 .............................................................................. 92 
§4.4水合质子的稳定结构 ............................................................... 95 
§4.5 Eigen异构体 ........................................................................... 98 
§4.5.1 气相中的 Eigen异构体的拉曼光谱............................................ 98 
§4.5.2 水溶液中的 Eigen异构体的拉曼光谱...................................... 102 
§4.6 Zundel异构体 ....................................................................... 104 
§4.6.1 气相中的 Zundel异构体的拉曼光谱........................................ 104 
§4.6.2 水溶液中的 Zundel异构体的拉曼光谱.................................... 108 
§4.7极化率张量 ............................................................................. 111 
§4.8本章小结及展望 ..................................................................... 116 
参考文献........................................................................................... 117 















§5.1 引言......................................................................................... 121 
§5.2 计算细节 ................................................................................ 124 
§5.3 界面水分子 ............................................................................ 125 
§5.3.1 界面水的吸附结构........................................................................ 125 
§5.3.2 拉曼强度分析................................................................................ 127 
§5.3.3 贵金属电极上界面水的模型........................................................ 130 
§5.4 表面电子-水合氢离子对 ...................................................... 132 
§5.4.1 优化结构........................................................................................ 132 
§5.4.2模拟拉曼光谱................................................................................. 135 
§5.5 水合电子的产生 .................................................................... 137 
§5.6 反应路径 ................................................................................ 140 
§5.7 本章小结及展望 .................................................................... 143 
参考文献........................................................................................... 144 
第六章 水簇的分子内振动能级重新排布和振动能量转移 ..... 149 
§6.1 引言......................................................................................... 149 
§6.2 理论方法 ................................................................................ 150 
§6.3 计算结果 ................................................................................ 152 
§6.3.1 同位素效应.................................................................................. 152 
§6.3.2 振动能级重排.............................................................................. 158 
§6.4 讨论....................................................................................... 161 
§6.4.1 偶极振动-振动能量转移............................................................ 161 
§6.4.2 振动能级重排和 RRKM 理论....................................................... 163 
§6.5 本章小结 .............................................................................. 164 
参考文献........................................................................................... 165 
 
在学期间发表论文 ........................................................................... 167 


























Table of contents 
 
 
Table of contents 
Abstract in Chinese ........................................................................... I 
Abstract in English ......................................................................... III 
Chapter 1 Introduction ....................................................................... 1 
§1.1 Photoelectrochemistry .................................................................. 1 
§1.1.1 Mechanism of Photoelectrochemical Reaction ..................................... 1 
§1.1.2 Generation of Photocurrent ................................................................... 3 
§1.1.3 Semiconductor Catalysts ....................................................................... 4 
§1.1.4 Surface Plasmon Resonance ............................................................... 10 
§1.1.5 Photoelectrochemical Reaction on Noble Metal Cathodes ................. 14 
§1.2 Raman spectroscopy and SERS .................................................. 16 
§1.2.1 Raman Spectroscopy ........................................................................... 16 
§1.2.2 Surface-Enhanced Raman Spectroscopy ............................................ 18 
§1.3 Literature Review for Interfacial Water and Hydrated Species .. 24 
§1.3.1 In-situ Characterization of Interfacial Water ...................................... 24 
§1.3.2 Hydrated Species on Noble Metal Cathodes ...................................... 29 
§1.4 Targets and Framework of This Thesis ....................................... 31 
Reference ............................................................................................ 33 
Chapter 2 Theoretical Methods ..................................................... 42 
§2.1 Density Functional Theory ......................................................... 42 
§2.1.1 Hohenberg-Kohn Theorem ................................................................. 43 
§2.1.2 Kohn-Sham Equation .......................................................................... 44 
§2.1.3 Exchange-Correlation Functional Approximations ............................ 45  
§2.2 Principle of Molecular Spectroscopy ......................................... 47 
§2.2.1 Fermi’s Golden Rule ........................................................................... 47 
§2.2.2 Franck-Condon Principle .................................................................... 49 
§2.3 Metallic Clusters Model for Electrochemical SERS Simulation 
 ............................................................................................................. 51 













Table of contents 
 
 
Reference ............................................................................................ 56 
Chapter 3 Anion Effect and Raman Enhancement of Water .... 60  
§3.1 Introduction ................................................................................. 60 
§3.2 Computational Details ................................................................ 61 
§3.3 Bare Water ................................................................................... 63 
§3.4 Anionic Water clusters ................................................................ 65 
§3.5 Water-Halide Anionic Complexes .............................................. 69 
§3.6 Water-Metal Anionic Complexes ................................................ 74 
§3.7 Summary ..................................................................................... 81 
Reference ............................................................................................ 83 
Chapter 4 Hydrated Proton ........................................................... 89 
§4.1 Introduction ................................................................................. 89 
§4.2 Computational Details ................................................................ 90 
§4.3 Hydronium .................................................................................. 92 
§4.4 Stable Structures of Hydrated Proton ......................................... 95 
§4.5 Eigen Isomers ............................................................................. 98 
§4.5.1 In the Gas Phase .................................................................................. 98 
§4.5.2 In Aqueous Solution .......................................................................... 102 
§4.6 Zundel Isomers ......................................................................... 104 
§4.6.1 In the Gas Phase ................................................................................ 104 
§4.6.2 In Aqueous Solution .......................................................................... 108 
§4.7 Polarizability Tensors................................................................ 111 
§4.8 Summary ................................................................................... 116 













Table of contents 
 
 
Chapter 5 The Mechanism for Photocatalytic Hydrogen 
Evolution Reaction on Noble Metal Cathodes ........................... 121 
§5.1 Introduction ............................................................................... 121 
§5.2 Computational Details .............................................................. 124 
§5.3 Interfacial Water Molecules ...................................................... 125 
§5.3.1 Adsorption Structures of Interfacial Water Molecule ....................... 125 
§5.3.2 Analysis of Raman Intensity ............................................................. 127 
§5.3.3 The Model of Interfacial Water on Noble Metal ............................... 130 
§5.4 Surface Electron-Hydronium Ion-pair ...................................... 132 
§5.4.1 Optimized Structures ........................................................................ 132 
§5.4.2 Simulated Raman Spectra ................................................................. 135 
§5.5 The Generation of Hydrated Electrons ..................................... 137 
§5.6 Reaction Pathways .................................................................... 140 
§5.7 Summary ................................................................................... 143 
Reference .......................................................................................... 144 
Chapter 6 Intramolecular Vibrational Redistribution and 
Vibrational Energy Tranfer of Water Clusters ......................... 149 
§6.1 Introduction ............................................................................... 149 
§6.2 Theoretical Methods ................................................................. 150 
§6.3 Calculated Results..................................................................... 152 
§6.3.1 The Isotope Effect ............................................................................. 152 
§6.3.2 The Vibrational Redistribution .......................................................... 158 
§6.4 Discussion ................................................................................. 161 
§6.4.1 Dipole Vibrational-Vibrational Energy Transfer ............................... 161 
§6.4.2 Intramolecular Vibrational Redistribution and the RRKM Theory .. 163  
§6.5 Summary ................................................................................... 164 

















Publications during Ph.D study ....................................................... 167 











































































































As one of the most common substances and material basis of life, the study of 
the interaction of water and surface has long been one of the most important subjects 
in surface science and electrochemistry. Water molecules as the most important 
constituent of the electrode/aqueous electrode processes, their structure and 
orientation have direct influence on the distribution of electric potential and   
microscopic environment. Also, there exist various surface species, such as 
unsaturated hydrogen-bonded water, protonated water, hydrated hydrogen atoms, 
hydrated electrons, and hydrated hydroxide ions. They are not only unstable species 
with a limited lifetime but also have strong chemical activity.  
Noble metal nanoparticles catalysts possess special photocatalytic properties of 
large surface-to-volume ratios and hot electron behavior due to surface plasmon 
resonance (SPR) respond to the visible light. Because of the special property of SPR 
in noble metal nanoparticles, such as gold, silver and copper, interfacial water 
molecules and hydrated species can be characterized by surface-enhanced Raman 
spectra (SERS). For these reasons, silver or gold nanoparticles as photocatalytic 
super-microelectrodes have been successfully applied in the visible light splitting of 
water to hydrogen. The interfacial water also present abnormal SERS signals in 
severe hydrogen evolution condition. The investigation of the interfacial water 
molecules and hydrated species, and the mechanism of water splitting to hydrogen on 
noble metal cathodes is helpful for us to understand structure of electric double layer, 
photocatalytic properties of plasmon and the chemical enhancement mechanism of 
SERS. 
Combining density functional theory (DFT) and Raman spectra, the quantum 
chemical calculation plays an unique advantage for the prediction of surface species 
and intermediates. In the first part of this dissertation, three types of water in 
















complexes, and water-metal anionic complexes have been calculated. By using DFT 
calculation, their structure and Raman spectra have been predicted, anion effects and 
the enhancement of Raman signals of water have been discussed. Our calculated 
results show that hydrogen bonding (HB) interaction can induce the vibrational 
frequency shifts obviously and the relative Raman intensity increases when water 
molecules directly binding to various anions or electrons. The large polarizabilities in 
anionic water clusters, water-halide anionic complexes, and water-metal anionic 
complexes play a significant role in the enhancement of Raman intensity of water 
molecules. 
In the second part, we considered the HB interaction, solvation effect and electric 
effect on the Raman spectra of hydrated proton. Based on the experimental data in the 
literatures, our calculated results gave a good explanation for the significant shifts of 
O-H stretching vibration bands in aqueous solution with different concentration. 
Meanwhile, for the two units (Eigen and Zundel) of hydrated proton, we calculated 
different isomers in the gas phase and aqueous solution, respectively. Finally, 
combing the theory of Raman scattering, we also considered the influence of external 
field (solvent and electric fields) on the structure and Raman spectra of Zundel ion, 
that gives a good prediction on existence forms and Raman spectra of hydrated proton 
in electrochemical interface. 
In the third part, we focus on the adsorption of hydration proton and hydrogen 
evolution reaction on noble metal cathodes. The model of metal (gold, silver and 
platinum) cluster is for the simulation of nanoparticle electrodes, and the calculation 
of water molecules adsorbed on negative charged surface. The surface 
electron-hydronium ion-pair (EHIP) was proposed as an intermediate for 
photocatalytic hydrogen evolution reaction (HER) on silver and gold cathodes. The 
EHIP is in a configuration, where the hydronium and the electron is separated by 
water layers. Considering the electrons from the electrode surface upon light 




















electrode, e.g. at the outer Helmholtz plane (OHP), rather than on the silver or gold 
nanostructural surfaces. 
The last part is about the intramolecular vibrational redistribution (IVR) and 
vibrational energy transfer of water clusters. The intramolecular vibrational relaxation 
has influence on the IVR, especially for the single molecule reaction, the obtained 
frequencies after IVR are different from the calculated results by using harmonic 
oscillator approximation. We calculated the rate of IVR for water clusters and 
protonated water clusters, and examine the validity of the RRKM theory by 
comparing the IVR rates and the dissociation rate in 
Rice–Ramsperger–Kassel–Marcus (RRKM) theory. In conclusion, for the dissociation 
of water clusters, the RRKM theory is not valid to be employed, and for the case of 
prontonated water clusters, the RRKM theory holds to a considerable excitation 
energy range. Additionally, the size of clusters and isotope effect also have influence 
on the rate of IVR. 
 
Key words: Hydrogen Evolution Reaction; Surface Plasmon Resonance; Raman 
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